The effect of cerium oxide nanoparticle (CeNP) in plants has elicited substantial controversy. While some investigators have reported that CeNP possesses antioxidant properties, others observed CeNP to induce reactive oxygen species (ROS). In spite of considerable research carried out on the effects of CeNP in metazoans, fundamental studies that can unveil its intracellular consequences linking ROS production, autophagy and DNA damage are lacking in plants. To elucidate the impact of CeNP within plant cells, tobacco BY-2 cells were treated with 10, 50 and 250 µg ml −1 CeNP (Ce10, Ce50 and Ce250), for 24 h. Results demonstrated concentration-dependent accumulation of Ca 2+ and ROS at all CeNP treatment sets. However, significant DNA damage and alteration in antioxidant defence systems were noted prominently at Ce50 and Ce250. Moreover, Ce50 and Ce250 induced DNA damage, analysed by comet assay and DNA diffusion experiments, complied with the concomitant increase in ROS. Furthermore, to evaluate the antioxidant property of CeNP, treated cells were washed after 24 h (to minimise CeNP interference) and challenged with H 2 O 2 for 3 h. Ce10 did not induce genotoxicity and H 2 O 2 exposure to Ce10-treated cells showed lesser DNA breakage than cells treated with H 2 O 2 only. Interestingly, Ce10 provided better protection over N-acetyl-L-cysteine against exogenous H 2 O 2 in BY-2 cells. CeNP exposure to transgenic BY-2 cells expressing GFP-Atg8 fusion protein exhibited formation of autophagosomes at Ce10. Application of vacuolar protease inhibitor E-64c and fluorescent basic dye acridine orange, further demonstrated accumulation of particulate matters in the vacuole and occurrence of acidic compartments, the autophagolysosomes, respectively. BY-2 cells co-treated with CeNP and autophagy inhibitor 3-methyladenine exhibited increased DNA damage in Ce10 and cell death at all assessed treatment sets. Thus, current results substantiate an alternative autophagy-mediated, antioxidant and geno-protective role of CeNP, which will aid in deciphering novel phenomena of plant-nanoparticle interaction at cellular level.
Introduction
In recent years, the growing consumer demand for engineered nanomaterials has resulted in their unprecedented release into the environment leading to potential ecotoxicity (1) . The generation of reactive oxygen species (ROS) comprising superoxide anion (O 2 .- ), singlet oxygen ( 1 O 2 ·) hydroxyl radical ( . OH) and hydrogen peroxide (H 2 O 2 ), is an established mechanism of nanotoxicology induced by various metal oxide nanoparticles (1) (2) (3) (4) . Among them, the environmental exposure of cerium oxide nanoparticles (CeNP) has become paramount owing to their extensive current usage (5) . Moreover, recent studies also suggest the ROS quenching ability of CeNP in cell free systems as a consequence of the surface Ce 3+ /Ce 4+ redox stoichiometry (6) (7) (8) .
In view of this redox shifting ability, CeNP are extensively utilised in environmental remediation as diesel fuel additives to curb the emission of hazardous fine particulate matter, carbon monoxide, nitrogen oxides and polycyclic aromatic hydrocarbons from vehicle exhausts (5) . They are also used as catalysts, oxygen sensors, polishing agents, fuel and solar cells; and in biomedicine for antioxidant, antiinflammatory, anticancer and neuro-and radioprotection therapy (7, 8) . Given its extensive usage, a pilot study by Erdakos et al. (5) projected ~25-fold increase in total CeNP emission from 69 to 1750 tons year −1 in the near future in USA alone. In the European Union, CeNP emission from diesel is expected to escalate to 22 million pounds year −1 according to the Health Effects Institute (9) . Considering such enhanced environmental availability, US EPA (10) and OECD (11) have emphasised on an urgent environmental safety appraisal for CeNP. However, their effects on DNA and corollary cellular fate are debatable in both plant and animal cells.
Available literature is replete with contradictory and often paradoxical results on CeNP-induced genotoxicity and antioxidative mechanisms in plants. While the beneficial roles of CeNP have been demonstrated by some authors (6) (7) (8) , others have reported CeNPmediated cyto-genotoxicity (1, (12) (13) (14) . RAPD-PCR analysis revealed CeNP-induced mutagenicity (2000 and 4000 mg l −1 ) in soybean (12) . The same endpoint along with reduction of mitotic indices demonstrated considerable genotoxicity of CeNP at concentrations >500 mg l −1 due to ROS generation in barley (2) . Numerous studies also affirm the enhancement of antioxidant enzyme activities in various plants such as Arabidopsis (13) , lettuce (15) , radish (16) and rice (17) in response to CeNP-induced ROS. Deterred plant growth at high exposure concentrations (>500 mg l −1 ) and growth stimulation at low concentrations ≤100 mg l −1 was also observed in numerous other edible plants (12, 15, 16) . Rico et al. (17) , however reported H 2 O 2 quenching activity of CeNP (62.5 mg l −1 ) in rice. In animal systems as well, CeNPinduced genotoxicity as a result of oxidative stress, was reported in human fibroblasts (18) , A549, CaCo2 and HepG2 (19) , neuroblastoma (20) cells and peripheral blood monocytes (21) . Such responses were observed at high concentrations and upon prolonged exposure.
Conversely, CeNP have a Ce 4+ /Ce 3+ redox couple on their surface. This creates an oxygen deficit in their lattice structure which facilitates ROS quenching (6, 8) . This particular characteristic of CeNP is reported to be responsible for its antigenotoxic, antioxidant and cyto-protective properties reported against various mutagens in human keratinocyte (22) and bronchial epithelial cells (23) ; Sprague Dawley rats (24) and Drosophila melanogaster (25) . Evidently, CeNP protected A549, CaCo2 and HepG2 cells from DNA strand breaks induced by H 2 O 2 (19) and exhibited strong antioxidant (superior to N-acetyl-cysteine; NAC and trolox) and antiapoptotic activity against TNFα and cycloheximide in human histiocytic lymphoma cells (26) . However, confirmatory studies on ROS quenching and antioxidant property of CeNP are deficient in plant systems.
It is known that the antioxidant defence machinery activates detoxification pathways as an innate protective response of plants to NP stress (1) . Autophagy is accepted to be a well-known cytoprotective mechanism of cellular adaptation in the mitigation of ROS by degradation and recycling of ROS-producing organelles (mitochondria, peroxisomes, chloroplasts) (27) (28) (29) . In recent years, NPs have emerged as a new class of autophagy activators (30) . Low dose exposure of CeNP (0.5-10 µg ml −1 ; 20 h) induced autophagy in human peripheral blood monocytes (21) . However, to our knowledge the assessment of autophagy triggered by CeNP in plant cells is deficient. Furthermore, taking its ROS quenching activity into account, the resultant cytoprotective pathways activated by CeNPs are also not known in plants.
Hence, the current investigation was designed to evaluate the potential genotoxicity and/or antigenotoxicity mechanisms of CeNP and its putative cyto-protective activity against H 2 O 2 mediated oxidative stress in tobacco BY-2 cells. H 2 O 2 was used as the exogenous oxidative stressor due to its longer half life (1 ms) than superoxide, singlet oxygen and hydroxyl radicals (2-4 µs) (31) . Moreover, H 2 O 2 is an established direct acting genotoxic compound in plants (32) and acts as a signalling molecule in antioxidant defense response cascades (33) . Thus, following physico-chemical assessment, ion dissolution, uptake and adsorption of CeNP, we aimed to analyse the alteration in intracellular Ca 2+ concentration, the extent of intracellular ROS generation and stimulation of cellular antioxidants by CeNP against H 2 O 2 and comparison with a known antioxidant NAC. We further studied the effect of CeNP singly, as well as against H 2 O 2 , on DNA damage and its relationship with autophagy. The present work is unique in its attempt to explore the unknown correlation between genotoxicity and autophagy in plant cells. The analysis of autophagy in wild-type and GFP-ATG8 tobacco BY-2 cells using 3-methyladenine (3-MA), an inhibitor of autophagic phosphatidylinositol-3-kinase (PI3K) provides a novel approach in the assessment of autophagy upon NP intervention and its downstream cyto-protective mechanisms upon H 2 O 2 incited oxidative stress.
Materials and methods

Chemicals
Murashige and Skoog Medium including Vitamins (M0222; MS medium) was purchased from Duchefa Biochemie (Haarlem, The Netherlands); calcium chloride (plant tissue culture grade), ethylene glycol-bis (2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), ethyl methanesulfonate (EMS), guaiacol, ninhydrin, orthocresolphthalein complexone (o-CPC), phenylmethylsulfonyl fluoride (PMSF), phosphate-buffered saline (Ca 2+ , Mg 2+ free; PBS), phosphoric acid, potassium iodide, sodium chloride (NaCl), sucrose (plant tissue culture grade), sulfosalicylic acid, thiobarbituric acid (TBA), toluene, trichloroacetic acid and triton X-100 were obtained from Hi-Media (India); normal melting point agarose (NMPA) and low melting point agarose (LMPA) were purchased from Invitrogen (CA); ethylenediamine tetraacetic acid (EDTA), hydrogen peroxide solution 30% (H 2 O 2 ), Nitric acid 69% (HNO 3 ), Perchloric acid 70% (HClO 4 ) and tris-HCL were obtained from Merck Millipore (India); 2,3,5-triphenyl tetrazolium chloride (TTC), 2,4-Dichlorophenoxyacetic acid (2,4-D), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), 2,7-dichlorofluorescin diacetate (DCFH-DA), 3-MA 4′,6-diamidino-2-phenylindole (DAPI), 5,5-dithiobis (2-nitrobenzoic acid) (DTNB), acridine orange (AO), cerium(IV) oxide nanoparticles, Dihydroethidium (DHE), ethidium bromide (EtBr), Evans blue, E-64c, glutaraldehyde, In Vitro Toxicology Assay Kit, Resazurin based (TOX-8), L-methionine, N-acetyl-L-cysteine (NAC), nicotinamide adenine dinucleotide reduced (NADH), nitro blue tetrazolium chloride (NBT), poly vinyl pyrrolidone (PVP), rhodamine 123 (Rh 123), riboflavin and spermine were purchased from Sigma-Aldrich Chemical Co (India).
Nanoparticle suspension preparation and characterisation
According to the manufacturer, the size of CeNP was <25 nm (BET [Brunauer-Emmett-Teller]). The morphology, shape and size were further analysed by Transmission Electron Microscopy (TEM) (JEOL, JEM-2100 LaB6, 200 kV, MA). A low dilution (1 µg ml −1 ) suspension prepared in Milli-Q water was sonicated (Ultrasonic processor UP100H, Hielscher Ultrasound Technology, Germany) for 30 min at 80 W and 85 kHz prior to loading on a support grid (carbon-based type B, copper mesh 300). Energy-dispersive X-ray (EDX) analysis (Model 51-ADD0011, OXFORD Instruments, United Kingdom) of the particles was done for the elemental analysis.
The 3D structure of CeNP, along with surface topology, size and shape were assessed using atomic force microscopy (AFM). For AFM, a sonicated low dilution (1 µg ml −1 ) suspension prepared in Milli-Q water was drop casted on freshly cleaved mica surface. AFM measurements were recorded using a scanning probe microscope diCP2 (Veeco, Santa Barbara, CA) with antimony doped silica cantilever (length 125 µm, width 35 µm, thickness 3.75 µm at a frequency of 300 kHz) in tapping mode.
CeNP suspended in filter sterilised P i -EDTA-FeSO 4 free MS medium at selected working concentrations (10, 50, 250 µg ml −1 ) were sonicated for uniform dispersion. Dynamic light scattering (DLS) and zeta (ζ) potential measurements were performed at 0 and 24 h time points, using Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). The mean hydrodynamic particle diameter (MHD), polydispersity index (PDI) and ζ-potential data were estimated by Zetasizer ver. 7.10 software.
Cell lines and treatment scheme
Wild type (WT) and transgenic tobacco BY-2 cells expressing GFPAtg8 protein were cultured in 250 ml Erlenmeyer flasks at 25 ± 2°C with a rotation of 110 rpm in dark. The lines were maintained by subculturing 2 ml of stationary phase cells in 80 ml of fresh MS medium (supplemented with 3% sucrose and 0.2 mg l −1 2,4-D) every 7 days. To avoid agglomeration or flocculation of CeNP interacting with the P i -EDTA-FeSO 4 present in the MS medium, CeNP treatment was done in P i -EDTA-FeSO 4 free MS medium (medium A) (34, 35) . For all experiments, CeNP stock suspension (2000 µg ml −1 ) dispersed in medium A (MA) was sonicated for 30 min prior to cellular exposure.
About 50 mg ml −1 logarithmic phase BY-2 cells in MA were exposed to 0, 10, 50, 250 µg ml −1 CeNP for 24 h (for ~2 BY-2 cell cycles), to assess the NP induced intracellular consequences in terms of DNA damage, ROS generation and autophagy. The test concentrations were chosen based on initial cytotoxicity screening by TTC assay and literature survey (15, 17) . To determine its antioxidant and antigenotoxic properties, cells were treated with the aforementioned CeNP concentrations for 24 h, washed thoroughly with MS medium and further challenged with H 2 O 2 (1 mM) for 3 h (pulse treatment) in MS medium (Supplementary Figure 1) . Among the analysed CeNP concentrations, the one which provided the best protection against exogenous H 2 O 2 (in terms of cell viability) was compared with the ROS scavenger NAC. About 250 µM NAC-treated cells (24 h) in MA, after washing thrice in MS medium, were exposed to 1 mM H 2 O 2 for 3 h, to compare the ROS scavenging efficacy of CeNP. Similarly, cells exposed to 0, 10, 50, 250 µg ml −1 CeNP and 250 µM NAC treatments were washed thrice with MS after 24 h, and kept in the same for 3 h as solvent control. On the other hand, BY-2 cells cultured for 24 h in MA were washed carefully by MS and treated with 1 mM H 2 O 2 (3 h) as positive control in MS medium. All treatments were carried out at 25 ± 2°C with 110 rpm of orbital shaking in dark.
In a separate experiment, autophagy inhibitor 3-MA was added in all aforementioned treatment sets, throughout the entire treatment course (added at 0 h, and assessed after 24 + 3 h) to analyse the crosstalk among CeNP-induced ROS, autophagy and genotoxicity. All experiments were performed using three replicates and each experiment was repeated thrice.
Elemental Ce ion dissolution, particle adsorption and uptake
To assess the dissolution of Ce ion in MA, the suspensions of CeNP (0, 10, 50, 250 µg ml −1 ) after 24 h (without cell treatments) were centrifuged at 12 000g for 10 min; the supernatants were further passed through 0.02 µM membrane disc filters (4) and analysed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (ARCOS, Simultaneous ICP Spectrometer, SPECTRO Analytical Instruments GmbH, Germany). Ion dissolution percentage (%D) of each exposure was calculated using the following formula:
%D
Total Ce ion dissolution (mg l ) CeNP concentration (mg l ) 
TTC assay
The TTC assay is a colorimetric technique that allows the quantitative determination of cell viability based on mitochondrial oxidoreductase activity (36) . This assay is based on the capability of viable cells to transform TTC to red formazan product. After incubating the cells with this tetrazolium salt, formazan was extracted in the solubilising solution (95% ethanol). The OD was read on iMark™ Microplate Absorbance Reader, at 490 nm, after loading into 96-well flat bottom plates. Each activity is expressed in terms of percentage fold change over the activity of untreated (Ce0) tobacco cells.
Resazurin assay
The resazurin assay was carried out using the TOX-8 kit following the manufacturer's protocol. Resazurin is reduced to highly fluorescent resorufin in the medium due to the metabolic activity of living cells (37) . The degree of resazurin reduction directly correlates with the metabolic activity of living cells. The decrease in absorbance was measured at 600 nm (with 690 nm as a reference wavelength). Metabolic activities of different treatment sets are expressed in terms of percentage fold change over the activity of Ce0 set.
Evans blue assay
Evans blue assay was performed following the method of Ohno et al. (38) . Failure to exclude Evans blue reflects a loss of plasma membrane integrity associated with cell death. In brief, after three washes in phosphate buffer saline (PBS, pH 7.4), NP treated cell suspensions were incubated in 0.05% Evans blue for 15 min at 25°C. After five washes in PBS, absorbed dye was extracted in 50% methanol with 1% SDS for 1 h at 60°C in a water bath and quantified at 600 nm. Optical density (OD) values are expressed in terms of percentage of dye retention over Ce0 set.
Assessment of intracellular calcium ion (Ca 2+ ) concentration
The Ca 2+ concentration of tobacco cells was assessed using o-CPC method (39) . Ca 2+ in plant cell homogenate was detected in a reaction mixture of 0.375 M Ethanolamine (pH 10.6), 82 µM o-CPC, 7.16 mM 8-Hydroxyquinoline, 27.75 mM HCl. The Ca-oCPC complex was measured bichromatically at 570 nm with a reference wavelength of 660 nm. Change in OD values are expressed as percentage fold change over Ce0 set value.
Evaluation of oxidative stress
Detection of intracellular ROS using fluorescent probes Intra-cellular ROS production was detected using DHE and DCFH-DA fluorescent probes. To detect the alteration in superoxide (O 2 · -) level, CeNP-treated cells were stained with 10 µM of DHE for 30 min under constant shaking in the dark at 25 ± 2°C (40) . After washing the cells thoroughly, fluorescent intensities of hydroxyethidium, derived from DHE oxidation by O 2 · -, was measured in a fluorescence spectrophotometer (λ ex = 450-490 nm and λ em = 570 nm) (Hitachi, F-7000, Tokyo, Japan), and fluorescent photomicrographs of DHE stained cells were acquired by confocal laser scanning microscopy (CLSM) (Olympus IX81).
Intracellular generation of hydroxyl (·OH), peroxyl (ROO·) intermediates especially H 2 O 2 , was detected by staining the treated cells with 25 µM DCFH-DA for 30 min in dark in PBS at 25 ± 2°C (41). After incubation, DCF fluorescent level was quantified using fluorescence spectrophotometer (λ ex = 488 nm and λ em = 520 nm). CLSM images of DCF positive cells were acquired using Olympus IX81.
Detection of mitochondrial membrane potential
Alteration of mitochondrial membrane potential (ΔΨ m ) was assessed using Rh 123. Treated cells were stained at 25°C with 2.5 µM Rh 123 in MA for 30 min with gentle shaking, followed by rigorous washing (41) . Fluorescence intensities were measured in a spectrofluorimeter (λ ex = 507 and λ em = 529 nm). The relative fluorescence unit has been expressed as percentage fold change over Ce0 cells. CLSM images were obtained using Olympus IX81 using the tetramethylrhodamine isothiocyanate (TRITC) filter.
Analysis of thiobarbituric reactive species (TBARS)
Analysis of TBARS was carried out as an indirect measurement of membrane lipid peroxidation (LPO) (42) . MDA generation was quantified using spectrophotometer at 532 nm (with 600 nm as the reference) and expressed as µM TBARS g −1 fresh weight (ε TBAR = 155 mM −1 cm −1 ).
Antioxidant defence response
The perturbed enzymatic and non-enzymatic antioxidant activities, in response to oxidative stress was assessed. Total protein was extracted in 10 mM Tris-HCl (pH 8), 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1 mM PMSF, 1% Triton X-100 and 1.5% PVP. The homogenate was centrifuged at 12 000g for 15 min at 4°C. Soluble protein content in the supernatant was measured using the Bradford (43) method with BSA (bovine serum albumin) as the standard. ) to tetra-guaiacol. The GPOD activity of extracted enzyme solutions were measured in a reaction mixture comprising 50 mM of sodium phosphate buffer (pH 6.1), 10 mM H 2 O 2 and 0.5 mM guaiacol, as the increase in the absorbance for 1 min at 470 nm expressed in mM min −1 g −1 FW. APX activity was measured immediately in fresh extracts following Gallego et al. (46) . H 2 O 2 -dependant oxidation of ascorbate (ε = 2.8 mM −1 cm −1 ) by enzyme soup was measured using a reaction mixture containing 100 mM phosphate buffer (pH 7.4), 0.5 mM ascorbate, 0.1 mM EDTA and 0.1 mM H 2 O 2 . Enzyme functionality was detected as a decrease in absorbance for 2 min at 265 nm and expressed in mM min −1 g −1 FW. SOD activities of treated cells were analysed following Beauchamp and Fridovich (47) and Achary et al. (48) . Inhibition of the photochemical reduction of NBT by the enzyme was evaluated in a reaction mixture of 50 mM phosphate buffer (pH 7.8), 0.1 mM of EDTA, 75 mM of NBT, 13 mM methionine, 3% Triton X-100 and 0.2 mM riboflavin. The mixture was exposed to light (Phillips 40W × 2 fluorescent tubes) for 15 min. The absorbance of formazan so formed was taken at 560 nm, and expressed in unit SOD g −1 FW (1 unit of SOD activity = the amount of the enzyme that causes 50% inhibition of NBT reduction).
Estimation of intracellular nonenzymatic antioxidant activities
Reduced glutathione (GSH) levels of tobacco cells were analysed spectrophotometrically using DTNB following Smith et al. (49) with slight modification. 0.2 g of treated cells homogenised in 20 mM EDTA was spun down at 500 g for 30 min at 4°C. Equal volume of 10% TCA was added to the supernatant and incubated on ice for 15 min followed by centrifugation at 11 000g for 15 min at RT. The reaction mixtures containing 200 µl of 400 mM Tris (pH 8.9), 100 µl of supernatant and 5 µl of 0.6% DTNB in methanol were loaded onto 96-well plates (flat bottom) and the absorbance was read at 412 nm (ε = 14,150 M −1 cm −1 ) and expressed as µM g −1 FW. Proline contents were estimated following colorimetric assay described by Ábrahám et al. (50) with modifications. Briefly, treated cells homogenised in 3% Sulfosalicylic acid (5 μl mg −1 fresh weight) on ice, were centrifuged at 15 000g for 5 min at RT. Equal volumes of acidic ninhydrin (1.25 g ninhydrin, 30 ml of glacial acetic acid, 20 ml of 6 M phosphoric acid), glacial acetic acid and supernatant were mixed thoroughly and incubated at 96°C for 60 min. After keeping the mixture on ice to stop the reaction, 1 ml toluene was added and vortexed for 20 s. the chromophore-containing toluene was collected and the absorbance was measured at 520 nm. The actual proline content was estimated using a standard curve and expressed as µM g −1 FW.
Evaluation of CeNP induced total polyphenol and total flavonoid contents
Change in total polyphenol content (TPC) and total flavonoid content (TFC) of the treated cells were estimated following Ainsworth and Gillespie (51) and Ghosh et al. (52) , respectively. Approximately 100 mg of treated cells from each treatment set was frozen immediately in liquid nitrogen, and each sample was homogenised in 2 ml of ice-cold 95% ethanol. After centrifugation at 13 000 g for 5 min at RT, 500 µl supernatant was mixed with 5 ml of Folin-Ciocalteu reagent (1:10 dilution with deionised water) and further neutralised by aqueous 4 ml of 1 M Na 2 CO 3 solution. After 15 min of incubation at RT, absorbance of the reaction mixtures were measured at 765 nm in UV/Vis Spectrophotometer. Gallic acid (in ethanol) was used to prepare the standard curve; the TPC was expressed as milligram of gallic acid equivalent per gram of extract (mg GAE g −1 ). For the estimation of TFC, 500 µl supernatant was added to 500 µl of ethanolic 2% AlCl 3 solution. After 1 h of incubation at RT, the change in absorbance was measured at 420 nm spectrophotometrically. Quercetin standard curve was used for the TFC calculation, and expressed as milligram of quercetin equivalent per gram of extract (mg QUE g −1 ).
Analysis of autophagy E-64c treatment
To determine CeNP-induced autophagy in BY-2 cells, cells were cotreated with cysteine protease inhibitor E-64c (10 µM) and different concentrations of CeNP (0, 10, 50, 250 µg ml
) for 24 h, under aforementioned treatment conditions. The treated cells were studied under a Differential Interference Contrast (DIC) microscope (Leica DM IL LED Leica, Leica DFC 450C camera, Leica Application Suite V.4.7.1 software Wetzlar, Germany) to visualise accumulation of autophagic bodies, parts of cellular organelles in central vacuole and autolysosomes (53) (54) (55) .
Cytoplasmic localisation of autophagosomes using BY-2 GFP-ATG8 cells
Accumulation of autophagosomes was analysed using BY-2 cells expressing GFP-ATG8 fusion protein. During initiation of autophagy, the localisation of lipidated ATG8 protein changes from diffused cytosolic to pre-autophagosomal structures (PAS) (56) . The accumulation of GFP tagged ATG8 protein at autophagosome organisation centres or PAS were observed as green dots under CLSM (Olympus IX81) using GFP filter. Photomicrographs were acquired using the FV31S-SW Viewer software (Version 2.1).
Detection of autophagic vesicles by acridine orange
Occurrence of acidic compartments during autophagy, were visualised by staining the cells by basic fluorescent dye acridine orange (AO) (57) . Cells washed in PBS were incubated in 20 µM of AO at RT in dark for 30 min. After washing the cells thrice in PBS, photomicrographs were taken under CLSM for green (λ ex = 490 and λ em = 525 nm) and red (λ ex = 532 and λ em = 650 nm) fluorescence. Upon AO-staining, nucleus and cytoplasm emit bright green fluorescence, while autophagic compartments were observed as bright red.
Assessment of genotoxicity
The potential genotoxic and anti-genotoxic properties of CeNP were evaluated using alkaline comet assay, with or without 3-MA, following Ghosh et al. (42) with necessary modifications. In brief, frozen BY-2 cell pellets were chopped using new razor blades in cold with 400 mM Tris buffer (pH 7.5) to release the nuclei. The isolated nuclei were sieved through a 50 µM mesh, mixed with 1% LMPA in equal 1:1 ratio, and applied on base coated (1% NMPA) glass slides. The slides were allowed to cool at 4°C and a third layer of 0.5% LMPA was applied. Slides were prepared in triplicates per treatment set. DNA unwinding, electrophoresis and staining were performed according to our previous report (4) . % tail DNA (% TD) of 300 (100 × 3) nuclei were analysed using Komet 5.5 (Kinetic imaging, Andor Technology, Nottingham, UK), by blinded scoring from each slide. In three independent assays, median values of 300 nuclei were acquired and the mean of three different experimental medians were calculated and expressed graphically.
Slides for DNA diffusion assay were prepared similarly as described above. After application of the third 0.5% LMPA, slides were incubated in spermine (1 mg ml −1 ) for 1 h at 4°C (4). Nuclei area (µm 2 ) of 300 (100 × 3) nuclei were analysed using the Komet 5.5 software and expressed as % nuclear area (% NA).
Statistical analysis
Statistical analyses of the mean values were carried out using SigmaPlot 12.1 software (Systat Software Inc., San Jose). Values plotted in the graphs are Mean ± Standard deviation (SD). One-way analysis of variance (ANOVA) was performed to establish statistical correlations among generated data. When ANOVA showed significant difference Holm-Sidak's post hoc test was applied at 5% probability level.
Results
Hydrodynamic size of CeNP differs from its primary diameter and alters with concentration and time
Physical characterisation by TEM revealed CeNP as dispersed particles of octahedral shape, appearing in small groups and the size observed was within a range of 11.67 to 24.79 nm ( Figure 1A ). EDX spectrum of the particles showed the presence of distinct peaks of Ce (79.02% weight) and O (20.98% weight) ( Figure 1B) . In Figure 1C and D, the topographic and 3D photomicrographs of the particles are shown. In the 3D photomicrograph, CeNP occurred as small clusters, with each peak representing a single particle, and the mean diameter was measured to be about 24.35 ± 8.89 nm. Thus, CeNP size distribution data obtained from TEM and AFM studies were similar to each other, and also to the specification supplied by the manufacturer.
Brief hydrodynamic properties of CeNP, dispersed in MA are provided in Table 1 . At 0 h, although Ce10 and Ce50 did not show any significant difference in MHD, Ce250 showed significantly high MHD. At 24 h, there was a concentration dependent rise in MHD which peaked at Ce250. In line with these results, PDI showed synergistic rise with both concentration and time. At 24 h, the lesser ζ-potential of the particles than that at 0 h depicts time-dependent decline in colloidal stability, and suggests that CeNP are prone to form aggregates with increasing concentration and time.
% dissolution of CeNP declines with increase in concentration
After 24 h, CeNP in MA exhibited noteworthy rise in Ce ion dissolution with increasing concentration and MHD (Table 2) . However, the estimated %D depicted an inverse relationship between Ce ion dissolution and particle concentration. At low concentration (Ce10) ~11.16% and at high concentration (Ce250) only ~1.29% Ce was dissociated to ionic form. Such a sharp decline in %D at Ce250, when compared with the lower concentrations, can be substantiated by the high PDI, culminating in low particle surface exposure to the media.
CeNP uptake and adsorption by BY-2 cells increases concomitantly with concentration
A notable increase in the cell-associated Ce adsorbed and absorbed on and internalised in the BY-2 cells was estimated after 24 h of exposure (Table 2) . A linear increment was observed in total and internalised CeNP with increase in the assessed concentrations. Upon exposure to Ce10 and Ce50 BY-2, cells showed lower adsorption of the particles on cell surfaces and more internalisation. This can be attributed to the hydrodynamic characteristic of insignificant difference in MHD at 0 h of both Ce10 and Ce50. However, when BY-2 cells were exposed to Ce250, a higher surface adherence than internalisation was detected, which is in accordance with the largest MHD of Ce250 among the three tested concentrations. In terms of % Ce internalisation (calculated % of NP internalised out of each treatment concentration), Ce50 showed the highest (~22.83% of treated CeNP) uptake of particles within BY-2 cells. This can possibly be due to the lowest PDI at Ce50. Least % internalisation of 13.91% was calculated at Ce10. Although maximum internalisation occurred at Ce250, the calculated % internalisation was low (15.32%) owing to its maximum adsorption and colloidal destabilisation. Taken together, the hydrodynamic characteristics of CeNP, chiefly govern their concentration-dependent sorption patterns in BY-2 cells.
High CeNP concentration induces cytotoxicity and impairs metabolic activity, whereas low concentration exhibits antioxidant activity Evaluation of cell viability and metabolic activity by TTC and resazurin in CeNP-treated cells showed significant (P < 0.05) decrease in both of these parameters in Ce50 and Ce250, but not at Ce10 (Figure 2 ). Ce0, Ce10 and NAC-treated cells exhibited no significant (P > 0.05) difference in either cell viability or metabolic activity. Lowest cell viability (~57.93%), and consequently, the lowest metabolic activity (56.47%) was observed in BY-2 cells treated with Ce250 (Figure 2A and B) . Cells of Ce50 exhibited intermediate viability and metabolic activity with respect to Ce10 and Ce250 treatment sets. As Ce10 treated cells showed no significant (P > 0.05) alteration in viability and metabolic activity compared to Ce0 cells, antioxidant activity of CeNP was assessed by treating the cells further with H 2 O 2 and comparing with NAC exposure. Results revealed that among the assessed CeNP concentrations, the cells pre-treated with Ce10 showed the highest cell viability when exposed to exogenous H 2 O 2 (Supplementary Figure 2) . However, viability and metabolic activity of 10 µg mL −1 CeNP-treated cells challenged with H 2 O 2 (Ce10+H 2 O 2 ) were lower than Ce10-treated cells; both parameters were significantly higher than the cells treated with only H 2 O 2 . Moreover, Ce10+H 2 O 2 and NAC-treated cells challenged with H 2 O 2 (NAC+H 2 O 2 ) showed no significant (P > 0.05) differences in cell viability and metabolic activity.
At high concentration CeNP induces ROS, membrane LPO and mitochondrial dysfunction
A considerable rise in ROS generation was noted in Ce50 and Ce250-treated cells (Figure 3 ). Though DHE staining revealed accumulation of superoxide radicals (O 2 · -) within a few Ce10-treated cells ( Figure 3A) , quantitation by spectrofluorimetry confirmed no significant (P > 0.05) contrast with the Ce0 as well as NAC-treated cells ( Figure 3B ). Maximum O 2 · -generation was detected in BY-2 cells treated with Ce50 (~14-fold over Ce0) and Ce250 (~39-fold over Ce0) ( Figure 3B ). However, upon DCFDA staining, hydroxyl (·OH), peroxyl (ROO·) intermediates especially H 2 O 2 were detected in Ce10 (~3-fold over Ce0), Ce50 (~10-fold over Ce0) and Ce250 (~13-fold over Ce0) ( Figure 3C and D) Figure 4A ). Among the tested CeNP concentrations, Ce250 showed highest Ca 2+ accumulation (~3-fold over Ce0). However, Ce10+H 2 O 2 exhibited higher intracellular Ca 2+ concentration, when compared to Ce250 (~4-fold over Ce0) and only H 2 O 2 (~0.6-fold over Ce0). As a non-specific measure of oxidative stress-induced peroxidation of membrane lipids, TBARS content was estimated in CeNP exposed BY-2 cells. In congruence with the ROS data, Ce250-treated cells were distinguished with maximum TBARS content (~2-fold over Ce0) amongst the assessed CeNP concentrations ( Figure 4B ). Ce0, Ce10 and NAC-treated cells did not depict any statistical difference (P < 0.05) in TBARS production. TBARS generated in Ce10+H 2 O 2 and NAC+H 2 O 2 -treated BY-2 cells were statistically similar (P > 0.05), and ~2-fold lower than only H 2 O 2 -treated cells.
Loss of mitochondrial membrane potential (ΔΨ m ) in CeNPtreated tobacco cells was identified by low Rh123 fluorescent intensity. Quantification of relative fluorescent intensity (r.f.u.) of Rh123 by spectrofluorimetry that demonstrated Ce50 and Ce250 caused notable mitochondrial membrane damage in coherence with increased ROS generation ( Figure 4C ). While, in Figure 4D , mitochondria appeared as bright red dots within Ce0, Ce10 and NAC exposed BY-2 cells, no such dots were observed at Ce250. No statistical difference (P > 0.05) was noted in Rh123 fluorescence between Ce10+H 2 O 2 and NAC+H 2 O 2 . Moreover, the cells appeared healthier than H 2 O 2 -treated BY-2 cells.
CeNP perturbs antioxidant homoeostasis in BY-2 cells
To normalise redox imbalance by CeNP-induced oxidative stress, activation of major ROS-scavenging enzymatic (SOD, CAT, GPOD and APX) and low molecular weight non-enzymatic (GSH and proline) defence systems were evaluated in BY-2 cells. Concurrent with the ROS data, Ce250-treated cells recorded the highest antioxidant activity among all CeNP concentrations assessed. A slight increase in SOD activity was noted at lowest CeNP concentration used ( Figure 5A ). NAC-treated cells, however, demonstrated ~76.87% decline in SOD functionality, from the Ce0 control cells. Ce10+H 2 O 2 treated BY-2 cells showed ~12.24% and ~82.35% higher SOD activity with respect to Ce10 and H 2 O 2 exposed cells, respectively. The stress response enzymes, CAT and GPOD, displayed a similar pattern of antioxidant activity in the mitigation of CeNP incited ROS ( Figure 5B and C) . While Ce10-treated cells showed no statistical (P > 0.05) difference with estimated CAT and GPOD of Ce0 and NAC exposed cells, Ce10+H 2 O 2 cells triggered elevated enzyme activities. However, loss of cell viability in H 2 O 2 -treated cells significantly lowered the enzyme activities. CeNP perturbed the activity of APX, a crucial enzyme of ascorbate-glutathione cycle (Halliwell − Asada pathway). Increment in APX activity was noted in cells exposed to all CeNP concentrations, except Ce10, where APX did not vary from the Ce0 cells ( Figure 5D ). Apart from a noteworthy rise in APX levels in BY-2 cells exposed to Ce250, Ce10+H 2 O 2 -treated cells also displayed high APX activity, ~107.75% higher than that detected in H 2 O 2 -treated cells.
CeNP resulted in the induction of non-enzymatic antioxidants as well. All CeNP concentrations, other than Ce10 caused a concentration-dependent rise in GSH, while NAC-treated cells showed the highest detected GSH content among all the treatments ( Figure 5E ). Ce10+H 2 O 2 exposed cells showed higher GSH content than Ce10 and H 2 O 2 -treated cells. High proline content in CeNP-treated cells confirmed induction of substantial oxidative stress ( Figure 5F ). Ce10 exposed cells showed nominal increase (~1.5-fold over Ce0) in proline, while Ce250 treated BY-2 cells were detected with the highest proline content (~3-fold over Ce0). Ce10+H 2 O 2 and NAC+H 2 O 2 -treated cells revealed higher induction of proline than Ce10 and H 2 O 2 -treated cells, and were statistically similar to each other. Evaluation of the innate cellular antioxidants TPC and TFC revealed CeNP-induced notable alteration in BY-2 cells. While highest TPC activity was detected in Ce10-treated cells ( Figure 5G ), Ce50-treated cells showed the most elevated TFC (Figure 5H ). At Ce250 exposure, cells showed lowest TPC and TFC among all the CeNP concentrations evaluated. NAC-treated cells showed no significant (P > 0.05) alteration in TPC content compared to Ce0 cells; however, ~1.5-fold rise in TFC content was observed. 
At low concentration CeNP induces autophagy in BY-2 cells
The morphological appearance of BY-2 cells co-incubated with CeNP (Ce10) and cysteine protease inhibitor E-64c altered substantially when compared to the control cells (Ce0) and cells treated to other CeNP concentrations ( Figure 6A ). While, cytoplasmic strands and clear vacuoles (marked by arrow heads) were observed in Ce0+E-64c-treated cells, Ce10+E64c-treated cells could be discerned by the occurrence of particulate matters within the vacuole (marked by arrow heads). As no such particle accumulation was observed in cells treated with only Ce10 (without E-64c) (data not shown), the particles were assumed to be damaged organelles. Ce50+E64c and Ce250+E64c-treated cells showed concentration-dependent progressive structural deterioration (marked by arrow heads).
Atg8 is a definitive marker of autophagy in eukaryotes. Upon initiation of autophagy, the ubiquitin-like protein Atg8 localises at pre-autophagosomal structure or phagophore assemble site as well as the autophagosomes (55) . Thus, by using BY-2 cells expressing GFP-Atg8 fusion protein, the emergence and movement of putative autophagosomes, could be assessed confirming the occurrence of autophagy. Treatment of GFP-Atg8 expressing BY-2 cells with different concentrations of CeNP showed initiation of GFP-Atg8 dots at Ce10 ( Figure 6B ) (marked by arrow heads). However, Ce0, Ce50 and Ce250 cells did not show formation of autophagosomes. Upon AO staining, at Ce10, nucleus and cytoplasm emitted green fluorescence, while acidic compartments, such as autolysosomes and acidic vacuoles emitted bright red fluorescence ( Figure 6C ) (marked by arrow heads). Formations of such acidic vesicles are the characteristic features of cells undergoing autophagy. Though a few cells showed presence of red dots at Ce50, their frequency was negligible compared to Ce10.
Low dose CeNP exposure is antigenotoxic against H 2 O 2 -induced oxidative DNA damage CeNP exhibited concentration dependent differential genotoxic response in BY-2 cells. Ce10-treated cells displayed absence of DNA damage, that was supported by negligible rise in percentage tail DNA (% TD) ( Figure 7A and B) and percentage nuclear area (% NA) ( Figure 7C and D) . Such negligible genotoxic response was similar (P > 0.05) to that of NAC-treated cells. However, Ce50 and Ce250 incited ~13 and ~23-fold increase in % TD and ~4 and ~6-fold rise in % nuclear area over Ce0, demonstrating marked increased in genotoxicity. Hence, Ce10 was tested against H 2 O 2 -induced DNA damage. H 2 O 2 challenge on Ce10-treated cells resulted in ~4-fold increase in % TD and ~2-fold increase in % NA over control. Indeed, the % TD and % NA of Ce10+H 2 O 2 were higher than that of Ce10 alone. However, the antigenotoxic potential of Ce10 upon H 2 O 2 challenge was affirmed by a significant (P < 0.05) decline in genotoxicity (~ 6-fold %TD and ~3-fold %NA) compared to only H 2 O 2 -treated cells.
The protective effect of NAC upon H 2 O 2 challenge showed similarity with our results displayed upon Ce10+H 2 O 2 treatment, although Ce10 showed superior geno-protective activity compared to NAC. Morphology of the comets formed by Ce250 and H 2 O 2 treatments suggested the occurrence of hedgehog shaped nuclei, discerned by comets showing even DNA fragmentation resulting in a ball-like appearance with nearly all DNA in the tail ( Figure 7B ). Corresponding to these observations, the diffused nuclei observed in DNA diffusion assay at the same treatment showed hazy halolike outer boundaries of fragmented DNA around the intact core ( Figure 7D ). Although Ce10+H 2 O 2 and NAC+H 2 O 2 showed negligible similarity in nuclear morphology of comets and diffused nuclei as described above, such changes were completely absent in Ce10 and NAC-treated cells. Furthermore, the % TD of Ce10+H 2 O 2 -treated cells was significantly (P < 0.05) less than cells exposed to Figure 7A ). Therefore, our results suggest superior antigenotoxic potential of CeNP at low concentration than that of NAC, upon oxidative challenge.
Autophagy inhibition enhances CeNP-induced genotoxicity
Inhibition of Ce10-induced autophagy by 3-MA caused significant rise in oxidative stress and genotoxicity (~6 and ~4-fold % TD and % NA over Ce10 without 3MA, respectively) ( Figures 7A, B  and 8A ). Moreover, inhibition of autophagy led to increased ROS production (Supplementary Figure 3) and cell death at all treatment sets ( Figure 8B ). As in NAC-treated cells, in Ce50 and Ce250 treatments too, application of 3-MA did not impart any alteration in DNA damage. Autophagy inhibited Ce10 cells, when challenged with H 2 O 2 showed ~5, ~3 and ~2-fold higher % TD, % NA and cell death, respectively, than only Ce10+H 2 O 2 -treated cells. 3-MA administration also instigated a slight increase in % TD and cell death in NAC-treated cells challenged with H 2 O 2 . On the other hand, inhibition of autophagy did not influence the fate of the H 2 O 2 -treated cells ( Figure 8B ). Taken together, it can be assumed that inhibition of autophagy compromised the protective effect of Ce against H 2 O 2 -induced DNA damage and cell death. These results suggested a relationship among autophagy, DNA damage and cell death. Hence, autophagy in CeNP-treated cells may potentially contribute to the alleviation of DNA damage and cytotoxicity response upon H 2 O 2 challenge.
Discussion
The genotoxicity and /or anti-genotoxicity mechanisms of CeNP are controversial in plant systems. CeNP uptake within BY-2 cells and its intracellular consequences can be attributed to its hydrodynamic traits and surface chemistry. The particles with <25 nm primary diameter (TEM, AFM, BET) had larger mean hydrodynamic diameter (MHD) (219.7 ± 84.55 -2611.6 ± 15.46 nm). This can be ascribed to the formation of hydronium ion shell surrounding each particle which enhanced attraction and formed agglomerates (4, 58) . Moreover, as nanoparticles possess very high surface area to volume ratio, they contain very high surface energy, and to minimise the energy, CeNPs tend to form random concentration dependent clusters as seen by increasing PDI and decreasing zeta (ζ)-potential. Schwabe et al. (59) , where CeNPs of <25 nm with lesser MHDs, displayed higher ion dissolution than CeNPs with larger MHD. In accordance with Rico et al. (60) , our study also showed that the total dissolved Ce ions (mg l −1 ) followed an increasing concentration gradient that could be positively correlated with CeNP uptake and toxicity.
It was possible to corroborate CeNP uptake within BY-2 cells with its concentration dependent deterioration in metabolic activity and increase in ROS generation. According to ICP-AES study, CeNPs showed a linear increment in internalised Ce mass with rise in concentration, suggesting that particle internalisation was influenced by the initial MHDs (at 0 h) of the particles. The adsorbed CeNP content, however, can be compared with the final MHDs (at 24 h), as Ce250 showed the highest MHD (~2611.6 nm) and particle adsorption (~39.054 mg g CeNP-induced intracellular ROS generation in BY-2 cells was noted at all assessed concentrations. The effect of ROS production as oxidative stress, however, was noteworthy at Ce50 and Ce250. Significant generation of O 2 · -, ·OH, ROO· radicals and particularly H 2 O 2 , as observed in this study, was also reported in previous studies (14) (15) (16) 66, 67 (66) , CeNP delivered to cucumber at 400 mg kg −1 in soil tended to increase more TPC than at 800 mg kg −1 , while higher TFC was detected at the later concentration.
Ce50 and Ce250-induced reactive intermediates provoked oxidative damages such as membrane LPO and mitochondrial dysfunction. Furthermore, onset of DNA damage was prominent with concurrent increase in ROS accumulation and membrane LPO. Recent reports have demonstrated CeNP incited ROS mediated peroxidation of membrane lipids in Arabidopsis and lettuce (13) (14) (15) . Thus, in the present study, CeNP-triggered genotoxicity can be attributed to reactive intermediates and lipid derived free radicals. López-Moreno et al. (12) and Mattiello et al. (2) have shown increased mutagenicity using RAPD-PCR, at high concentrations of CeNP in soybean and barley respectively. However, due to the limitations of RAPD-PCR assay, such as low-reproducibility, more accurate estimation of DNA damage was determined by alkaline comet assay and DNA diffusion experiments. Several recent studies have demonstrated CeNP-induced DNA damage in human lung adenocarcinoma, neuroblastoma cell lines and rodent lung cells using comet assay (20, 72, 73) .
In BY-2 cells, the effect of Ce50 and Ce250 was evident on mitochondria and cellular antioxidants. The concurrent rise in reactive oxidants with mitochondrial membrane depolarisation evinced mitochondria to be potent targets of CeNP-induced ROS. Moreover, the phenomenon of ROS-induced ROS release in mitochondria via stressed electron transport chain, contributed in ROS accumulation and escalated mitochondrial damage (74, 75) . Significant increase in CAT activity observed in this study indicates the active involvement of peroxisomes in CeNP-induced ROS amelioration as also reported by previous authors (60, 66, 67) . GPOD activity too, was noted high in Ce50 and Ce250-treated cells, as a quencher of O 2 · -anion, peroxy radicals and organic peroxides; whereas CAT is specialised in H 2 O 2 mitigation. Moreover, our finding follows Radotic et al. (76) , who proposed high GPOD with ROS as a potential biomarker of metal toxicity in plants. In line with the findings of Zhao et al. (66) in cucumber, CeNP-induced ROS in Ce50 and Ce250-treated tobacco cells increased APX activity, as APX has higher affinity towards H 2 O 2 than CAT (77) . Moreover, an upsurge in GSH content confirmed the involvement of Foyer-Halliwell-Asada cycle (ASC-GSH cycle) in breakdown of H 2 O 2 present in apoplast, mitochondria and peroxisomes, as well as H 2 O 2 diffused out from organelles into the cytosol. A significant rise in proline content was observed to cope up with CeNP-induced oxidative damages. An overproduction of proline under stress condition can be corroborated with high membrane LPO as it provides stress tolerance by keeping the cell's turgor or osmotic balance in equilibrium. In Hordeum vulgare, CeNP had shown similar responses; a 37% increase in proline content was observed compared to Ce0 (78) .
Occurrence of ROS in Ce10 above the usual cytosolic level, yet below cyto-genotoxic scale, plausibly enabled the onset of autophagy. However, whenever this sub-basal ROS commenced oxidative damage to any organelle, the autophagic machinery readily recycled them inside the central vacuole. Thus, surpassing such ROS threshold led to the initiation of cell death in Ce50 and Ce250, due to the absence of autophagy. According to Mittler (79) , by maintaining a basal ROS level, a cell equilibrates redox balance and regulates crucial life-sustaining processes. Thus, ROS accumulation below threshold level at Ce10 altered the redox homoeostasis in BY-2 cells and in turn triggered the autophagosome formation (noted as accumulation of GFP-Atg8 dots). Several recent evidences validate ROS as the potential inducer of autophagy in plants (27, 28, 80) . Pérez-Pérez et al. (81) showed that Atg4 protein, which activates Atg8, is redox regulated. Moreover, CeNP was demonstrated to induce autophagy at low concentration with higher dispersion, simulating foreign endosomal pathogens, in human peripheral blood monocytes (21) . However, disappearance of the particulate matters from the vacuolar lumen of Ce10+E-64c treated cells, upon withdrawal of E-64c (data not shown), affirmed the particles to be damaged organelles and not internalised CeNP. Thus, with potential to eliminate worn-out organelles by autophagosomes (appearance of GFP-Atg8 dots at Ce10) into central vacuole (noted in E-64c treated Ce10 cells), and with increased antioxidants, polyphenols and flavonoids, Ce10-treated cells proffered acceptable cell viability upon external H 2 O 2 treatment. Cells treated with only H 2 O 2 , on the other hand, showed low antioxidant activity due to the higher cell death percentage. Moreover, Ce10 pre-treated cells exposed to H 2 O 2 showed lesser DNA damage than cells directly treated with H 2 O 2 .
Additionally, Ce10-induced autophagy exhibited better resistance than NAC during exogenous H 2 O 2 -triggered DNA damage. According to various independent researchers, autophagy provides a safeguard against ROS production in eukaryotic cells, and thus inhibition of autophagy often leads to ROS-mediated cell death (82) (83) (84) . Pérez-Pérez et al. (27) have proposed that autophagy modulates intracellular ROS generation by recycling ROS-producing organelles in plants. Therefore, it can be hypothesised that autophagy, triggered within Ce10 treated BY-2 cells could initiate organelle recycling process, that possibly helped the cells to cope up with exogenous H 2 O 2 assault even though extra Ce10 had been washed off before H 2 O 2 treatment. Conversely, NAC showed higher DNA damage upon H 2 O 2 treatment as it is itself a ROS scavenger and washing the cells before H 2 O 2 exposure compromised NAC activity, due to dilution.
Application of 3-MA (autophagic PI3K inhibitor) established the crosstalk among ROS, autophagy and DNA damage. The increment in % tail DNA (TD) upon suppression of autophagy in Ce10 and Ce10+H 2 O 2 treated cells can be corroborated with the increased ROS accumulation and loss of cell viability; however, incidence of autophagy inhibited oxidative damage and cell death. Hence, autophagy here can be designated to play a 'pro-survival' role. Emerging evidences claim autophagy is activated by DNA damage and even assists DNA damage repair (85) (86) (87) (88) . Therefore, it can be assumed that pre-activated autophagy in Ce10 treated cells could initiate restoration of exogenous H 2 O 2 -mediated DNA damage which manifested in lesser % TD and DNA diffusion in Ce10+H 2 O 2 cells than only H 2 O 2 -treated cells. Thus, in other words, use of 3-MA leading to inhibition of Ce10-induced autophagy probably interfered with the DNA repair signalling, which in turn triggered higher DNA damage. In plants, besides initiation of autophagy, PI3K was reported to play pivotal role during signal transduction, normal development, ROS-modulation and protein trafficking (89) . Therefore, suppression of PI3K activity by 3-MA under oxidative stressed condition, brought about slight increase in cell death percentage in other treatment sets (Ce50, Ce250, NAC+H 2 O 2 ) as well.
Collectively, our findings have substantiated an unconventional autophagy-based geno-protective potential of CeNP. Figure 9 demonstrates the role of CeNP in the relationship among oxidative stress, autophagy and DNA damage mechanisms, and how its potency differs from that of NAC. At higher CeNP concentrations, decreased colloidal stability, discerned by increased particle size and ion dissolution induced genotoxicity in BY-2 cells. Though increased ROS generation led to oxidative damage and loss of cell viability at Ce50 and Ce250, Ca 2+ elevated sub-basal ROS level at Ce10, was observed to initiate autophagy. Additionally, this Ce10-induced autophagy provided better geno-protection than NAC against exogenous H 2 O 2 . However, further experiments are required to confirm if Ce10-induced autophagy is the consequence of DNA damage repair response. Moreover, results of the present study opened up further possibilities in the exploration of the lower concentrations of CeNP (as antioxidants) in the investigation of autophagy and oxidative stress-induced genotoxicity. Thus, our study serves as the fundamental research which will aid in deciphering several enfolded rudimentary processes of plant environment interaction at bionano interface.
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